We have investigated indirect excitons in bulk 2H-MoS2 using transmission electron energy-loss spectroscopy. The electron energy-loss spectra were measured for various momentum transfer values parallel to the ΓK and ΓM directions of the Brillouin zone. The results allowed the identification of the indirect excitons between the valence band Kv and conduction band Λc points, the Γv and Kc points as well as adjacent Kv and K ′ c points. The energy-momentum dispersions for the Kv-Λc, Γv-Kc and Kv1-K ′ c excitons along the ΓK line are presented. The former two transitions exhibit a quadratic dispersion which allowed calculating their effective exciton masses based on the effective mass approximation. The Kv1-K ′ c transition follows a more linear dispersion relationship.
I. INTRODUCTION
Layered materials such as transition metal dichalcogenides (TMDs) have been subject to a large number of scientific investigations due to their unusual electronic properties. They are used in established and experimental applications such as lubrication, catalysis, energy storage and electronics. [1] [2] [3] [4] One interesting characteristics is the occurrence of excitons in semiconducting TMDs. Those electronically neutral quasi-particles are composed of electron-hole pairs in a Coulomb-bound, hydrogen-like state. They affect the optical and electronic properties of the material and their suitability for electronic applications considerably. In particular, for mono-and few-layer TMDs, they offer access to valley pseudospin which allows distinguishing excitons originating from different k-space locations 5, 6 and, therefore, lend themselves to potential applications in opto-electronics 7 and valleytronics 8 . For decades, the direct (bright) excitonic transitions in MoS 2 and similar TMDs have been modeled and experimentally observed using a variety of techniques. [9] [10] [11] [12] [13] [14] More recently, momentum-space indirect excitons have moved in the scientific focus. [15] [16] [17] [18] [19] [20] In contrast to their direct counterparts, they have an electron in a k-space location that differs from that of the associated hole. The excitation of such transitions requires not only the transfer of energy but also of an appropriate momentum. We investigated the existence of such indirect excitons in bulk 2H-MoS 2 using transmission electron energy-loss spectroscopy (EELS). The results may offer benchmarks for advancing theoretical models that attempt to provide explanatory approaches that go beyond independent particle transitions and consider momentum-dependent many-particle interactions.
The material is a semiconducting TMD forming crystals from parallel stacked layers. Each individual layer is made up of a molybdenum monolayer nested between two monolayers of sulfur bound by ionic-covalent intralayer bonds. 21 In contrast, the layers among each other are held together by comparatively weak Van-der-Waals forces [see Fig. 1 a) and b) for a depiction of the crystal struc- ture]. The properties of the material parallel to the layers vary significantly from the ones in the out-of plane direction due to the difference in the interlayer and intralayer bonding strength. The atoms in the 2H polytype (space group: P6 3 /mmc, D 4 6h ) exhibit a trigonal prismatic coordination within each layer with six sulfur atoms at the vertices and molybdenum at the center 22 resulting in a hexagonal Brillouin zone parallel to the layers [see Fig. 1  c) ].
Bulk 2H-MoS 2 has an indirect band gap of approximately 1.2 -1.3 eV between the Γ point and the Λ c point of the Brillouin zone which are the absolute valence band maximum and conduction band minimum, respectively. [23] [24] [25] [26] [27] See Fig. 2 for a depiction of the single particle band structure. To the best of our knowledge, an exciton band structure for bulk MoS 2 has not been published, yet. The Λ c point is located roughly midway between the Γ and the K point. There are also a local valence band maximum and a conduction band minimum at the K point forming a larger direct band gap. [24] [25] [26] 28, 29 Another local conduction band minimum is at the Σ c point between Γ and M. Those band ex-trema are favored locations for potential excitonic transitions which are indicated in Fig. 2 by arrows labeled according to their transition points. The energy differences between the valence band maxima and conduction band minima published elsewhere are listed in Table I . Besides the well-known direct transitions at the K and K ′ points, several of the indirect exciton configurations have been predicted theoretically. For monolayer MoS 2 , Wu et al. 17 suggested an exciton consisting of an electron at the K c point in the conduction band and a hole at the valence band's Γ v point and another one between adjacent K v and K ′ c points [The subscripts used to label Brillouin zone points refer to the valence band (v) locations of the holes and the conduction band (c) locations of the electrons]. The latter transition was also calculated by Qiu et al. 30 Photoluminescence measurements revealed the existence of indirect excitons with energies of about 1.5 eV in bi-layer MoS 2 .
18 Comparisons of the temperature-dependent band structure calculations and photoluminescence measurements led to the conclusion that those transitions occur between the Γ v and Λ c points.
18,20 Moreover, temperature-and time-dependent photoluminescence measurements on MoSe 2 , WSe 2 and WS 2 indicate the presence of K v -K ′ c and K v -Λ c excitons in those electronically similar materials. 19, 31, 32 In contrast to those techniques, which use phonons to provide the momentum transfer required to generate the spacial dislocation of the charge carriers, we were able to acquire EEL spectra of indirect excitons. This method is uniquely suited to create and measure indirect excitations as it provides not only the necessary transition energies but also allows passing a defined momentum to the electrons creating the excitons via inelastic scattering as has been shown before. 33, 34 It permitted us for the first time to directly identify the indirect
and Γ v -K c excitons besides the direct excitonic excitations already described in Ref. 14 by extending the investigated momentum transfer ranges.
II. EXPERIMENT
Natural single crystal molybdenum disulfide was acquired from Manchester Nanomaterials. Approximately 100-nm-thick films were prepared by repeatedly cleaving the bulk material along the Van-der-Waals gaps using adhesive tape. The samples were deposited on platinum transmission electron microscopy grids and transferred into the spectrometer. The instrument is a 172-keV transmission electron energy-loss spectrometer operated with an energy and momentum resolution of ∆E = 82 meV and ∆q = 0.04 Å -1 , respectively, under ultra-high vacuum at a temperature of 20 K achieved in a helium flow cryostat. A detailed description of the apparatus can be found in Ref. 36 and 37. The alignment of the sample in relation to the electron beam was performed based on electron diffraction patterns. Those profiles were also used to confirm the high quality of the
Energy (eV) The LDA computation underestimates the energy differences between the valence band maxima and the conduction band minima. Results of more involved calculation methods resulting in energy differences that are closer to experimentally observed values are presented in Table I . in the ΓK momentum-space direction and 1.14 Å -1 in the ΓM direction. The value of 1.33 Å -1 corresponds to the experimentally determined momentum space distance between the Γ and the K point as well as between adjacent K points. 1.14 Å -1 is the Γ-M separation. To detect potential beam damage of the sample, we performed measurements of diffraction patterns as well as energy-loss spectra with low momentum transfer values before and after the long-time dispersion measurements. The results showed that the pattern and spectra did not change. Consequently, the exposure to the electron beam did not appear to have an effect on the samples.
III. RESULTS AND DISCUSSION
A. Identification of excitonic transitions Fig. 3 shows the EELS responses measured parallel to the ΓK and ΓM directions that are the same as the Λ and Σ directions. It should be pointed out that a momentum transfer value for a specified direction does not represent a line segment between two particular points of the band structure. Instead, it refers to all momentum differences of the stated value in the scattering plane that are parallel to the chosen scattering direction. Consequently, a loss spectrum is the superposition of all EELS responses corresponding to a particular momentum difference and direction across the whole scattering plane which, in our case, is parallel to the planes of the real and reciprocal crystal lattice. Therefore, the spectral features cannot be assigned to specific locations within the band structure based on the momentum transfer value alone. Instead, additional criteria need to be applied. We employed a comparison of the experimental momentum transfer values and energy positions of the features in question to the calculated band structure (Fig. 2 ) and gap energies ( Table I) to accomplish that task.
Direct Kv1-Kc and Kv2-Kc transitions
There are two sharp peaks at 1.98 eV and 2.16 eV of the loss spectrum for q = 0.1 Å -1 in the ΓK direction and at 1.96 eV and 2.15 eV in the ΓM direction (Fig. 3) . They represent the direct A 1 and B 1 excitonic transitions in the respective directions, located at the Brillouin zone corner points (K and K ′ ). Their peak energy differences of ∼180 meV arises from the splitting of the uppermost valence band at those locations. The excitations disperse to higher energies as the momentum transfer is increased until they become indiscernible at q > 0.4 Å -1 . See Ref. 14 for a detailed analysis of those direct excitons.
Indirect Kv1-Λc and Kv2-Λc transitions
Beginning at a momentum transfer of 0.50 Å -1 , two peaks begin to appear around 2 eV parallel to the ΓK direction. They become more pronounced at q = 0.60 Å -1 where they reach their lowest energy position of about 1.87 eV and 2.05 eV, respectively. For larger momenta, those features disperse to higher energies until they dissipate in the continuum of other excitations at q > 0.9 Å -1 . The momentum transfer of 0.60 Å -1 , the location of the energy dispersion minima, corresponds roughly to the Λ c point halfway between Γ and K. Therefore, the excitations could relate to transitions from the valence band Γ point to the Λ c point or from K to Λ c . The fact that the valence band at the K point, just like the two observed loss peaks, is split by ∼180 meV is an indication that the transition originates from the valence band K point and not the Γ point. Calculated values for the single particle energy gap between the K v1 and Λ c points show a relatively wide span of 430 meV from 1.63 eV through 2.06 eV (see Table I ). The exciton band gap of 1.87 eV (the energy position of the energetically lower peak) falls within this range and results in a possible binding energy of up to 190 meV. For comparison, the reported ground state binding energies for the direct K v1 -K c and K v2 -K c excitons vary between 25 -60 meV 9,27,40-43 and 130 -136 meV 9,44-46 , respectively. Similarly, an exciton band gap of 2.05 eV (the energy position of the energetically higher peak) is within the calculated single particle transition energies of 1.91 eV -2.33 eV between the K v2 and Λ c points (Table I ). The associated binding energy is up to 280 meV. Consequently, we consider the two spectral features around 2 eV for momentum transfer values between 0.50 Å -1 and 0.9 Å -1 to be the K v1 -Λ c and K v2 -Λ c excitonic transitions.
The two peaks are also visible in the ΓM direction for momentum transfer values between 0.5 Å -1 and 0.60 Å -1
[see Fig. 3 b) ]. This suggests that the excitons have a similar spatial extension in all directions of momentum space. Because of the narrow range of momentum transfers over which the feature is visible, a dispersion is not directly noticeable in the spectra.
Indirect Γv-Kc transitions
At a momentum transfer value of 1.15 Å -1 in the ΓK direction, a single weak peak begins to develop at 1.57 eV which disperses down to 1.46 eV at q = 1.33 Å -1 . The latter momentum transfer value corresponds to the momentum-space difference between the Γ and the K point. The minimum energy position and the calculated energy differences between those band structure points of 1.33 eV through 1.69 eV (Table I) gives binding energies of 230 meV or less. Consequently, the feature can be assigned to the Γ v -K c excitons. A corresponding feature cannot be identified in the spectra parallel to the ΓM direction. Besides the peak arising from the Γ v -K c transition, two additional peaks can be identified in the vicinity of 2 eV in the spectra for q > 1.20 Å -1 . They achieve their energy minimum of 1.90 eV and 2.08 eV at q = 1.33 Å -1 . As before, their energy split of 180 meV indicates that the transitions originate from the valence band K point. Their lowest energy positions is below the calculated single particle energy gaps between the K points of 1.97 eV -2.17 eV for the K v1 -K The excitations are also observable in the ΓM direction indicating that their extent is comparable in all directions. The quasi-particle band gaps of the indirect K-K ′ excitons in the ΓK direction are ∼ 80 meV lower than those of the direct K point excitons. The deviation is probably due to the combined effect of changes in the interaction potential (which is inverse proportional to the momentum dependent dielectric constant) and the exchange interactions between the bound electrons and holes as their momentum space separation is larger in indirect excitons. For example, Wu et al. calculated energy differences of around 10 meV be- Table I . Energy differences between local valence band maxima and conduction band minima in bulk 2H-MoS2 based on selfconsistent GW approximation, one-shot GW (G0W0) approximation and the Heyd-Scuseria-Ernzerhof (HSE) functional. The numbers in parentheses are extracted from band structure plots in the respective publication.
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B. Dispersions and effective masses
To investigate the dispersion of the discussed excitons, we plotted their spectral peak energy positions as a function of the respective momentum transfer values as presented in Fig. 4 . Whenever the dispersions followed an approximately quadratic shape, the effective mass approximation 47 (EMA) was used to estimate the effective mass m * of the excitons from the related energy E(q) and momentum values around the momentum q v associated with the energy minimum E(q v ):
The fitted EMA functions are shown in Fig. 4 as solid gray lines and the calculation results are summarized in Table II . The K v1 -K ′ c exciton appears to display a linear dispersion along the Λ direction. This is in contrast to the quadratic behavior of the direct K v1 -K c exciton implying that the dispersion is momentum dependent. Because of the linear energy-momentum relation, the EMA may not be used to determine the effective exciton mass. Contrary to that Wu et al. calculated a quadratic dispersion for monolayer molybdenum disulfide. 17 The insufficient intensity of the K v2 -K does not permit the extraction of dispersion data for that excitation.
Indirect Kv1-Λc and Kv2-Λc transitions
The K v1 -Λ c and K v2 -Λ c excitonic transitions exhibit a quadratic energy spread away from q v = 0.60 Å -1 in the ΓK direction with resulting effective masses of 2.04 m 0 and 1.75 m 0 , respectively. The masses of the direct excitons are lower than those of indirect excitons. However, in contrast to the former ones, the excitation from the upper valence band has a larger effective mass than the one from the lower band. Because there are no published calculations of effective indirect exciton masses for bulk MoS 2 to which we can compare our results, we used the sum of the effective hole m * h an electron m * e masses as an approximation of the effective exciton mass:
Utilizing HSE calculations, Peelaers and Van de Walle 0.30Å
Energy (eV) 
Energy (eV) 0.6 0.8 There is no visible dispersion of the K v1 -Λ c and K v2 -Λ c excitons in the spectra measured in the ΓM direction. However, between q = 0.5 Å -1 and 0.60 Å -1 the associated features have an energy position of 2.08 eV and 2.3 eV which is 0.21 eV and 0.25 eV higher, respectively, than at the same q-value in the ΓK direction. That energy difference represents the energy dispersion 0.31 Å -1 away from the Λ c point along a line extending in an 75°angle from the K-Λ c line. This implies that the dispersion in this direction is stronger leading to a lower effective mass. That finding is contrary to the results of Peelaers and Van de Walle who calculated a larger in-plane effective electron mass of 0.73 m 0 perpendicular to the ΓK direction compared to 0.53 m 0 parallel to it while the hole mass at the K point is relatively isotropic. 
IV. SUMMARY
For the first time, we have been able to directly detect indirect excitons in bulk 2H-MoS 2 . Electron energy-loss spectroscopy allowed identifying the
The data did not allow identifying the Γ v -Λ c and Γ v -Σ c excitonic transitions. We were able to determine the effective exciton masses of the K v1 -Λ c , K v2 -Λ c and Γ v -K c excitons of 2.04 m 0 , 1.75 m 0 and 1.25 m 0 , respectively, using the effective mass approximation. The effective masses of the two K v -Λ c transitions is higher (33% -53%) than expected values estimated by adding the effective single hole and electron masses computed for the participating band maxima and minima according to other publications. The effective mass increases for directions other than Λ. For Γ v -K c , the experimentally found effective mass agrees well Table II . (a) Fitting parameters for and results from the application of the effective mass approximation (Equ. 1) to the experimental dispersion data (see Fig. 4 ). (b) Estimated effective exciton masses calculated according to Equ. 2 from the effective hole and electron masses at the respective high symmetry points. The used effective electron and hole masses are listed in Table III with the estimated masses based on the electron and hole masses calculated by Molina-Sánchez et al. 38 The K v1 -K ′ c exciton assumes an approximately linear dispersion. Based on theoretical considerations, Cudazzo et al. 49 determined that in single-layer materials Wannier-like excitons exhibit a parabolic dispersion while Frenkel-like excitons show a linear momentum-dependence. It would be interesting to experimentally verify if those predictions hold for bulk material. Unfortunately, our data do not allow us the determination of the spatial extent of the excitons with sufficient precision to categorize them as Wannier-or Frenkel-like. Moreover, due to our lack of access to momentum-dependent theoretical calculations, we are not able to adequately pinpoint the exciton binding energies which in theory might allow a classification. Because of those shortcomings, we are not able to associate our experimental dispersion relations for the indirect excitons with one of the two exciton types. Also, the energy gaps between the valence band maxima and conduction band minima shown in Table I according to the various theoretical calculation approaches exhibit deviations of up to ∼300 meV and therefore, may exceed typical exciton binding energies. Therefore, our data point to an incomplete understanding of the formation of exciton states and that there is a need for improving the precision of the existing theoretical models. The findings can be used as a measure to improve current band structure and exciton models.
